This study focuses on understanding the stiffness and damping characteristics of carbon nanocoil (CNC)/polymer composites. To determine the effective elastic and viscoelastic properties of a polymer reinforced with aligned CNCs, the finite element analysis was performed using a three-dimensional unit cell model. The coil morphology of CNCs was examined using a scanning electron microscope. The effects of coil diameter, tube diameter, coil pitch and number of coil turns on the effective properties are discussed. The effective properties of a polymer reinforced with randomly oriented CNCs were also predicted by the results for the unit cell model. The tradeoffs between stiffness and damping characteristics are assessed by changing the volume fraction and geometrical parameters of CNCs. Additionally, experimental measurements of the elastic modulus and the loss factor of the manufactured CNC/polymer composites were carried out by using dynamic mechanical analysis. The predictions were then compared with the experimental results. Furthermore, scanning electron microscopy was performed to observe the fracture surface of CNC/polymer composites.
Introduction
Due to the high specific stiffness and strength, carbon nanotubes (CNTs) are expected to be ideal reinforcements for the development of high-performance polymer composites (1) .
However, CNT/polymer composites have shown only a moderate stiffness and strength enhancement. Good dispersion of CNTs in the polymer matrix and strong bonding between the CNTs and the polymer matrix are required to achieve the full reinforcing potential of CNTs (2) .
Recently, carbon nanocoils (CNCs) were synthesized successfully by the catalytic chemical vapor deposition (CCVD) method (3) - (5) . CNCs exhibit excellent mechanical and electrical properties because of the combination of coil morphology and properties of nanotubes. If CNCs were used in polymer composites, their shape would favor a better load transfer between CNCs and matrix than that of CNTs. Lau et al. (6) reviewed the synthesis of the coiled nanotubes and their applications in advanced composites. Moreover, the importance of polymer composites is increasing with the growing demands for light-weight materials having high strength and high stiffness in many structural applications. Also, the damping in polymer composites plays an important role in controlling the noise and vibration in a structure (7) .
Although many experimental studies have addressed the mechanical behavior of CNT/ polymer composites, there are few reports on mechanical behavior of CNC/ polymer composites. Yoshimura et al. (8) examined the tensile properties of spring-shaped carbon micro-
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Vol. 2, No.12, 2008 coil/epoxy composites and compared with those of conventional straight carbon fiber/epoxy composites. Lau et al. (9) performed a Vicker's hardness measurement and a three-point bending test of coiled carbon nanotube/epoxy composites. Fabrication of nanocomposites is still a difficult and expensive process. Therefore, computational approach can play a significant role in the development of nanocomposites. Several models are available for predicting the effective elastic properties of CNT/polymer composites. Fisher et al. (10) developed a model combining finite element results and micromechanical methods to determine the effective elastic properties of a polymer reinforced with a distribution of wavy nanotubes. Liu and Chen (11) evaluated the effective elastic properties of CNTbased composites using a three-dimensional nanoscale representative volume element based on continuum mechanics. However, no model has been developed yet to study the effective elastic and viscoelastic properties of CNC/polymer composites. The objective of this study is to investigate numerically and experimentally the effective elastic and viscoelastic properties of CNC/polymer composites. The three-dimensional (3D) unit cell model is used in finite element analysis to determine the effective elastic properties of a polymer reinforced with aligned CNCs. Scanning electron microscopy was performed to observe the coil morphology of CNCs. The effects of the helical geometries (coil diameter, tube diameter, coil pitch and number of coil turns) of CNCs on the effective properties are examined. The effective properties of a polymer reinforced with randomly oriented CNCs were also calculated from the finite element results. In addition, the elastic modulus and the loss factor of the manufactured CNC/polymer composites were assessed by dynamic mechanical analysis (DMA). The numerical findings were then correlated with the experimental results.
Experimental characterization
The CNCs were purchased from Toyohashi Campus Innovation Inc. and Microphase Co., Ltd., and used as received. Two part epoxy resin system was used as matrix, diglycidyl ether of bisphenol-A epoxy (Epikote 828, Japan Epoxy Resins Co., Ltd.) cured with diethylenetriamine (DETA) hardener. The ratio of epoxy to DETA was fixed to 100:12 by weight.
The CNC/epoxy composite specimens were processed by mixing the CNCs from Microphase Co., Ltd. with acetone and sonicating for 2h (Ultrasonic homogenizer GSD600CVP, Ginsen Co., Ltd.), then mixing in the epoxy resin, sonicating for 2h, removing the acetone, adding the hardener and curing in an appropriate mold. The curing schedule included 24h at room temperature followed by 24h at 40
• C. The CNC/epoxy composites were prepared with CNC contents from 1 to 3vol%. Dynamic mechanical behavior of the neat epoxy and its composites were characterized by DMA (DMS6100, SII Technology Co., Ltd.). All the tests were conducted on a tensile mode with an amplitude of 10μm and an oscillation frequency of 1Hz. The initial static force was 100mN. Sample dimensions were 25mm long×6mm wide×0.5mm thick. Storage modulus, loss modulus and loss factor were obtained from DMA. The storage modulus is approximately similar to the Young's modulus or stiffness.
As received CNCs from Toyohashi Campus Innovation Inc. were observed in a Hitachi S-4000 scanning electron microscope (SEM) without any conducting coating. For scanning electron microscopy, the composite specimens were fractured in liquid nitrogen and coated with an Au-Pd alloy using a sputter coater.
Modeling
As shown in Fig.1 , the methodology used to determine the effective elastic and viscoelastic properties of CNC/polymer composites consists of two major steps. In the first step, an appropriate unit cell is defined and the effective properties of the composites with aligned
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Vol. 2, No.12, 2008 straight CNCs are calculated by finite element analysis. In the next step, the complex stiffness tensor of the composites with aligned straight CNCs is determined and the effective properties of the composites with randomly oriented straight CNCs are predicted by averaging the complex stiffness tensor. Prediction values of elastic modulus and loss factor are compared with experimental data obtained from DMA. 
Finite element analysis
The finite element analysis in this study is performed using ANSYS. The 3D unit cell model shown in Fig.2 is used to predict the elastic and damping properties of the composite with aligned CNCs. A rectangular Cartesian coordinate system (x 1 , x 2 , x 3 ) is adopted. This unit cell model contains a single CNC at the center. The origin of the coordinates coincides with the center of the unit cell. The form of this unit cell model is based on the assumption of a uniform, periodic distribution of CNCs. To simplify the geometry we treat the nanotube geometry as a solid element of circular cross-sectional area. The volumes comprising the CNC and matrix are meshed using 20-node brick elements containing midside nodes (SOLID95). The CNC volume fraction V f is given by
where L is the length of the unit cell, A = W 2 is the cross-sectional area of the unit cell, N is the number of coil turns, R is the coil radius, and r is the tube radius. The coil pitch of the CNC is H. The individual phase materials are modeled as linear elastic and isotropic solid, and perfect bonding between the phases is assumed. For the epoxy resin, Young's modulus and loss factor are measured to be 3.48GPa and 0.0217 through the DMA, respectively, and Poisson's ratio is assumed to be 0.35, a typical value for epoxy resin (12) . Young's and shear moduli of the epoxy resin are assumed to have the same loss factor. Young's modulus of the CNC is
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Vol. 2, No.12, 2008 taken to be 100GPa (13) , and Poisson's ratio and loss factor of the CNC are assumed to be 0.3 and 0, respectively. The six numerical simulations are necessary to determine the complete set of engineering elastic constants and loss factors of an orthotropic material. The three Young's moduli (E 1 , E 2 , E 3 ), the three shear moduli (G 23 , G 31 , G 12 ) , and the three Poisson's ratios (ν 23 , ν 31 , ν 12 ) of the composite with aligned CNCs can be found by applying appropriate boundary conditions to the unit cell (see details in Appendix A). The subscripts 1, 2 and 3 will be used to refer to the coordinate directions, and the Poisson's ratio ν 12 reflects shrinkage (expansion) in the x 2 -direction due to tensile (compressive) stress in the x 1 -direction. A strain energy method approach (14) was implemented in the finite element model to analyze the damping of CNC/polymer composites. For the tension loading in the x 1 -direction, the loss factor of a composite can be expressed as
where η 1 is the composite loss factor, η c is the CNC loss factor, η m is the matrix loss factor, W c is the strain energy in CNC, and W m is the strain energy in matrix. In a similar way the composite loss factors under tension loadings in the x 2 -and x 3 -directions and shear loadings in the x 2 -x 3 , x 3 -x 1 and x 1 -x 2 planes were determined by using the strain energy method. Thus, six loss factors, η 1 , η 2 , η 3 , η 23 , η 31 and η 12 are considered. The engineering constants of complex moduli and storage moduli have the following relations:
where E * i and G * i j are the complex moduli. The complex stiffness tensor C * for the composite with aligned CNCs can be determined using the results of the preceding finite element analysis.
Orientational averaging of complex stiffness tensor
In case of the composite with randomly oriented CNCs, the components of the complex stiffness tensorC * is given by the following integration (1) , (15) : Figure 4 shows SEM micrograph of CNCs from Toyohashi Campus Innovation Inc. The coiled morphology has been clearly revealed. CNCs of various pitches and coil diameters were observed. Table 1 shows the difference of tube radius, coil radius and coil pitch for two CNCs. The values of r=240nm, R=325nm and P=1080nm were used to perform the finite element analysis using the unit cell model. Figure 5 shows the Young's moduli (E 1 , E 2 , E 3 ) of aligned CNC/epoxy composites versus number of coil turns. For larger number of coil turns, the Young's modulus E 1 converges to a constant value. The Young's moduli E 2 and E 3 are insensitive to number of coil turns. Thus, we consider CNCs with N=5 in following analysis. The Young's moduli of the aligned composite are plotted in Fig.6 as a function of CNC volume fraction. The Young's moduli increase with increasing CNC volume fraction. For any given CNC loading, the Young's moduli E 1 and E 2 are higher than the Young's modulus E 3 . This is due to the coil morphology of CNC. The anisotropy of the unit cell is increased at the higher CNC volume fractions. Figure 7 shows the effect of coil pitch H, coil radius R and tube radius r on Young's moduli. The effect of the helical geometries of CNCs on the composite modulus is weak. The predicted elastic properties of randomly oriented CNC/epoxy composite using the FEM results for the 3D unit cell are shown in Fig.8 . As the amount of CNCs increases, the Young's modulusĒ and the shear modulusḠ also increase. The Poisson's ratioν slightly decreases with increasing CNC volume fraction. The results demonstrate that the improvement in the elastic modulus of the polymer is attained through the addition of CNCs as a reinforcing phase. Figure 9 shows the predicted and experimental results for Young's modulus of CNC/ epoxy composites as a function of CNC volume fraction. In the case of the experiments, addition of CNCs led to an increase in the viscosity of the mixture. Thus, the maximum volume fraction of CNCs that could be molded into test specimens was 3vol%. The difference between the model and the experiments is most likely caused by the fact that while the model assumes that the CNCs are perfectly dispersed in the polymer matrix, a significant amount of undispersed CNCs forming clusters remains in the composite material. The poor interfacial bonding between the CNCs and the matrix within clusters significantly reduced the efficiency of the load transfer and resulted in low modulus in the experiments. Figure 10 shows the loss factors (η 1 , η 2 , η 3 ) of aligned CNC/epoxy composites versus number of coil turns. The loss factors η 1 and η 2 increase and the loss factor η 3 decreases as the number of coil turns increases. For larger number of coil turns, these loss factors do not change significantly. The loss factors (η 1 , η 2 , η 3 ) of aligned CNC/epoxy composites as a function of CNC volume fraction are shown in Fig.11 . The loss factors decrease with increasing CNC volume fraction. For higher CNC volume fraction the decrease in η 1 and η 2 is more apparent.
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Loss factor (η) and Young's modulus (Ē) of the composite with randomly oriented CNCs are plotted in Fig.12 as a function of CNC volume fraction. As expected, the trend of the Young's modulus is opposite to the trend of the loss factor, i.e. as the CNC volume fraction increases, the Young's modulus increases and the loss factor decreases. Figure 13 shows the variation of the Young's modulus and loss factor with coil pitch. The Young's modulus and the loss factor are slightly affected by change in coil pitch. Predictions and experimental results for loss factor as a function of CNC volume fraction are shown in Fig.14 . From this figure, the significant enhancement in experimental results is clear. The deviation between predictions and experimental results is likely to result from the CNC dispersion difference. The energy dissipation based on nanotube-nanotube sliding within clusters of CNCs increase the damping properties (16) . Figure 15 shows the SEM images of the fracture surface of nanocomposites with 2vol%CNC. The high embedding of the CNCs into the resin suggests that there exists strong interfacial bonding between CNCs and epoxy polymer in the composites (Fig.15(a) ). In addition, obvious clusters of the CNCs were found on the fracture surface ( Fig.15(b) ). The presence of such clusters acted in practice as defects.
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Conclusions
The effective elastic and viscoelastic properties of CNC/polymer composites was investigated numerically and experimentally. Finite element analyses were performed to determine the effective properties of composites with aligned CNCs and the developed method was extended to analyze composites with randomly oriented CNCs. Experiments were also performed to verify the trends predicted by the analysis. The results can be summarized as follows.
